Low-power operation of semiconductor devices is crucial for energy conservation. In particular, energy-efficient devices are essential in portable electronic devices to allow for extended use with a limited power supply. However, unnecessary currents always exist in semiconductor devices, even when the device is in its off state. To solve this problem, it is necessary to use switch devices that can turn active devices on and off effectively. For this purpose, high on/off current selectivity with ultra-low off-current and high on-current is required. Here, we report a novel switch behavior with over 10 9 selectivity, a high on-current density of 1 MA cm -2 , an ultra-low off-current density of 1 mA cm -2 , excellent thermal stability up to 250°C and abrupt turn-on with 5 mV per decade in solution-processed silver-doped zinc oxide thin films. The selection behavior is attributed to light doping of silver ions in zinc oxide films during electrochemical deposition to generate atomic-scale narrow conduction paths, which can be formed and ruptured at low voltages. Device simulation showed that the new selector devices may be used in ultra-highdensity memory devices to provide excellent operation margins and extremely low power consumption.
INTRODUCTION
Recently, emerging non-volatile memory technologies, such as phase-change memory, spin-transfer torque-magnetic memory and resistive switching memory (ReRAM), have been investigated as nextgeneration technologies to replace conventional flash memory. [1] [2] [3] Among them, ReRAM has been extensively studied because of its non-volatile memory characteristics owing to its excellent retention, endurance and high on/off current ratio. [4] [5] [6] [7] Furthermore, ReRAM has a simple two-terminal structure, fast switching speed and low power consumption with excellent scalability. ReRAM cells have been integrated into cross-point arrays (4F 2 ) to obtain an area-efficient structure for non-volatile memory applications. In addition to planar cross-point arrays, three-dimensional stackable cross-point arrays have been recently considered to maximize ReRAM density. 8, 9 However, the ReRAM cross-point array has critical problems with sneak current and unnecessary power consumption from neighboring memory cells. In general, ReRAMs are operated by measuring the current difference between a metallic low-resistance state (LRS) and an insulating high-resistance state (HRS). In the cross-point array, however, LRS cells can generate leakage current in neighboring cells. After a sensing current value (HRS current+total leakage currents from other cells) exceeds the LRS current limit, the HRS reading operation fails. Thus, the leakage current from the LRS cells of an ReRAM leads to current sensing failure during the reading of HRS cells. 8 To overcome the leakage current issue, the mixed-ionicelectronic conduction (MIEC) selector was developed by IBM. 10, 11 The MIEC is widely accepted as a nearly ideal selector because it shows low off-current (100 pA), high on-current (10 μA) and steep subthreshold swing characteristics (o60 mV per decade). However, its conduction mechanism is not clearly understood, and its reliability has not yet been confirmed. Tunnel barrier selectors have also been investigated because of their excellent nonlinear I-V characteristics. 12 The main mechanisms of the tunnel barrier selectors are direct tunneling (off characteristics) and Fowler-Nordheim tunneling (on characteristics) regarding applied electric fields. It has a very high on-current density (10 MA cm -2 ) and high selectivity (10 4 ratio). The tunnel barrier device requires a constant electric field, and it degrades the ReRAM writing operation after integration with ReRAM, owing to the resistive states of tunnel barriers. Therefore, to avoid the influence of resistance on selectors, insulator-metal transition (IMT) materials have been investigated with threshold switching characteristics. The representative materials showing IMT characteristics are VO 2 , NbO 2 and Ti 4 O 7 , which exhibit very similar threshold electrical characteristics of high on-current. 13, 14 In general, conventional memory devices should be operated stably at or above 85°C. However, VO 2 cannot be applicable for memory applications because the low transition temperature (~65°C) of VO 2 cannot guarantee the thermal reliability of devices. NbO 2 and Ti 4 O 7 are CMOS-compatible materials, and they have been implemented in three-dimensional structures to achieve high density. Both NbO 2 and Ti 4 O 7 have been successfully operated with a vertical electrode. Furthermore, NbO 2 has been fully integrated in 4F 2 2x-nm technology for one selector-one resistor cross-point arrays. 15, 16 However, both NbO 2 and Ti 4 O 7 have a high leakage current (sub-μA level), and the transition occurs at approximately 10 μA, thus resulting very poor selectivity for cross-point array applications. The IMT mechanism requires a forming process to obtain the desired behavior. The requirement of high voltage application in the forming process presents a burden regarding the circuit.
To avoid the problems of high threshold current in IMT selectors, the ovonic threshold switch, which has sub-100 nA leakage current with excellent on-current characteristics, has been investigated. 17 However, a ReRAM cross-point array still requires much lower leakage current for high-density memory applications. Furthermore, the ovonic threshold switch has a very complicated composition of AsTeGeSiN with a narrow process margin. Additionally, Ag-based threshold switching has been investigated to obtain low leakage current. The co-existence of volatile threshold switching and non-volatile memory switching induced by a conductive Ag filament in a single device has been analyzed. 18 In particular, the threshold switching characteristic is attributed to weak filament formation by a low compliance current. However, this low compliance current limits the operating current of ReRAM. Therefore, to implement a real cross-point array, very low leakage current (o10 pA), sufficient on-current, and simple selector structure are required. In addition, some studies have solved the sneak current issues by adopting new device structures and operation schemes. Self-rectifying resistive switching was introduced for highdensity memory applications. 19 Additionally, complementary resistive switching was developed by insertion of very thin active metal layer in resistive switching layers. 20 Both methods have a good potential to be implemented in high-density memory applications, with the advantages of simple device structures and lowered sneak currents. Although diverse efforts have been made to solve the sneak current issue, a novel selector is still required to allow the cross-point array to be used for high-density ReRAM devices.
In this study, we used a light doping of Ag ions in ZnO films as a switching layer by electrochemical deposition (ECD) to develop a novel selector with ultra-low off-current and high on-current. Among various metal oxides, ZnO has been investigated as an attractive material in the field of memory devices because of its low process temperature and large memory window. [21] [22] [23] [24] [25] However, pure ZnO films generally have high forming voltages. Therefore, we carried out Ag doping on a ZnO thin film for low-voltage operation of a selector device that does not require an initial forming process, because doping is an effective method to modify the material properties of ZnO thin films. 26 In particular, Ag doping using ECD is the most effective method to control the electrical characteristics of a device with controlled doping concentration. The ECD process can be used to control the doping concentration in ZnO films by adjusting the metal ion concentration, temperature of the solution and applied potential. 27, 28 Our study demonstrates that Ag-doped ZnO can be used as a novel selector material of high-density ReRAM by enhancing the metallic filament formation in ZnO thin film.
MATERIALS AND METHODS

Synthesis of 250-nm via-hole patterns on silicon wafers
To fabricate nanoscale selector devices, nanoscale via-hole patterns (with a diameter of 250 nm and a thickness of 100 nm) were fabricated on silicon wafers. First, a 100-nm-thick SiO 2 layer was deposited on a Pt/Ti/SiO 2 /Si substrate by plasma-enhanced chemical vapor deposition. Via-hole patterns were formed using KrF lithography followed by reactive-ion etching. The SiO 2 layer was used as the sidewall for device isolation.
Fabrication of 250-nm memory devices
We fabricated Ag-doped ZnO-based nanoscale selector devices by using 250-nm via-hole structures on silicon wafers. A Pt layer was used as the bottom electrode. The Ag-doped ZnO served as the switching layer of the selector devices and was deposited using ECD. The Ag-doped ZnO layer was synthesized using a Zn(NO 3 ) 2 ·6H 2 O aqueous solution with 0, 0.02 and 0.06 mol% AgNO 3 . The Ag-doped ZnO layer was deposited at −0.5 V and 80°C. The deposition thickness of Ag-doped ZnO was~40 nm. A Pt layer with a 100-nm-thick electrode was deposited using an e-beam evaporator and served as the top electrode.
Characterization
A potentiostat/galvanostat (Reference 3000; GAMRY, Warminster, PA, USA) with a three-electrode system was used for ECD and cyclic voltammetry. An ECD of Ag-doped ZnO was performed using galvanostatic polarization. A cyclic voltammogram was measured using potential scanning from open circuit potential (OCP vs Ag/AgCl). The surface morphology and composition of an Ag-doped ZnO-based nanoscale selector device were observed using a scanning electron microscope (FE-SEM; JEM-7401F; JEOL, Akishima, Tokyo, Japan) and a high-resolution transmission electron microscope (HR-(S)TEM-I; JEM 2100F with a Cs corrector on STEM; JEOL). The existence of Ag in the ZnO layer was confirmed using TEM-energy-dispersive X-ray spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS; ESCA LAB250; VG Scientific, Waltham, MA, USA). Before TEM observations, the samples were prepared using a focused ion beam (FIB; Helios; FEI, Hillsboro, OR, USA). The electrical properties of the selector devices were measured using a semiconductor parameter analyzer (SPA; 4200-SCS, KEITHLEY, Solon, OH, USA). The electrical measurements were performed at various conditions.
First-principle density functional theory (DFT) calculations
DFT calculations were performed with the projector augmented wave method and the generalized gradient approximation of Perdew, Burke and Ernzerhof for the exchange-correlation potential, as implemented in the Vienna Ab-initio Simulation Package (VASP) code. 29, 30 The bulk wurtzite ZnO system is composed of 128-atom supercells (4 × 4 × 2 unit cell), and the lattice parameters a and c are obtained as 3.23 and 5.22 Å, respectively, for the primitive unit cell. Monkhorst-Pack k-point sampling with a grid of 2 × 2 × 2 was used for the Brillouin zone integration. 31 An energy cutoff of 500 eV was used for the plane-wave representation of the wave functions, and atomic structures were relaxed until all Hellman-Feynman forces were below 0.01 eV Å -1 . The climbing-image nudged elastic band method with six images was used for locating minimum energy pathways. 32 In the climbing-image nudged elastic band method, the transition state is determined by optimizing a number of intermediate images along the migration path by applying spring force and driving the highest energy image to the saddle point.
RESULTS AND DISCUSSION
We fabricated a selector device with a device size of 250 nm for nanoscale bidirectional switching applications. The device structure is described in Figures 1a and b . SEM results confirmed the Ag-doped ZnO layer in the 250 nm via-hole patterns on the Si substrate ( Figure 1c ). The thin films were synthesized with uniform thickness. The bottom-up approach using ECD can successfully be employed to fabricate nanoscale threshold switching devices without vacuum deposition systems. The Ag-doped ZnO layer acts as a switching layer for selector applications.
The Ag-doped ZnO layer was deposited by ECD at low temperature. We compared the thin film characteristics of undoped ZnO and Ag-doped ZnO layers, including the cyclic voltammograms of the ZnO, which were measured with various Ag doping concentrations (Supplementary Figure S1a) . The electrochemical reduction of the undoped ZnO occurred at − 0.75 V, whereas the reduction of the 0.06 mol% Ag-doped ZnO occurred at − 0.25 V. The voltage level of the reduction increased with the increased doping concentration because cations accelerated the electrochemical reduction in the solution. Typical current-time transients of the counter electrode (carbon) and the working electrode (Pt via-hole wafer) during potentiostatic polarization at various doping concentrations are shown in Supplementary Figure S1b. The constant current density produced the uniform thickness of the thin film.
Generally, ZnO thin films are formed by a chemical reaction between Zn 2+ and OH − ions in solution, and the thin film formation mechanism is explained by the following equations. 27, [33] [34] [35] Zn NO 3 ð
The overall equation is then
We used TEM to analyze and confirm the surface morphology and composition of the nanoscale 0.06 mol% Ag-doped ZnO layer deposited by ECD. The patterned Pt via-hole substrate and the successful fabrication of the Ag-doped ZnO selector with 40 nm thickness in a 250 nm via-hole were confirmed by TEM (Figure 1d) . Figure 1e shows a cross-sectional high-resolution TEM image of the Pt/Ag-doped ZnO/Pt structure. The existence of Ag in the ZnO layer was confirmed by TEM-EDS and XPS (Supplementary Figure S2) .
Electrical analysis was performed at various Ag doping concentrations to obtain a volatile Ag filament in the ZnO layer, because the volatile filament property is the most important parameter for selector applications. To observe the effects of Ag doping on the electrical characteristics of the ZnO thin film, AgNO 3 with 0, 0.02, 0.06 and 0.1 mol% were injected into the ZnO solution. The undoped ZnO thin film exhibited highly insulating characteristics at low voltage (Supplementary Figure S3a) , whereas threshold switching characteristics of the Ag-doped ZnO thin film were observed with increasing Ag concentrations. The 0.02 mol% Ag-doped ZnO films had lower resistivity than those of undoped ZnO, and switching behaviors were observed for both positive and negative polarities (Supplementary Figure S3b) . However, the difference between on-and off-current was still low (10 6 ) for practical applications.
We further investigated 0.06 mol% Ag-doped ZnO to understand how the increased doping concentration affects the switching behavior and current density. Figure 2a shows the current-voltage (I-V) curves of the bidirectional switching characteristics with a 100-μA compliance current. The as-fabricated device had ultra-low off-current (100 fA), and the current abruptly changed to 100 μA at 0.5 V without an initial forming operation. As the applied bias was swept to negative or Threshold switching: reliable current changes U-B Han et al positive polarity, the device current value was increased from 100 fA to 100 μA at the threshold voltage (V Th ). This threshold switching characteristic can be attributed to Ag filament formation in the ZnO layer, and the low operation voltage is explained by the high mobility of Ag ions in the ZnO layer. Further details on the energetics of ionic migration will be discussed in the DFT section. We confirmed a novel selector behavior with a selectivity over 10 9 , high on-current density of 1 MA cm -2 and extremely abrupt turn-on with 5 mV per decade for the Ag-doped ZnO films, as shown in Figure 2b . The selectivity is defined in the following equation (equation (5)).
In addition, the effects of film thickness of the 0.06 mol% Ag-doped ZnO thin films on the electrical characteristics of the device were investigated at various deposition times (Supplementary Figure S4) . We observed that the switching voltage was decreased with decreased deposition time. In other words, thinner films required lower voltage for current switching. Consequently, the threshold voltage of the selection device could be engineered by controlling the oxide layer thickness through deposition time.
Generally, after a filament is formed in the electrolyte layer, it can maintain its conductivity without applied bias in memory applications. However, the formed filament naturally ruptured in the volatile switch when applied bias was removed. This phenomenon is similar to the threshold switching of IMT operation. The current abruptly decreased at a hold voltage (V H ) of 0.1 V during the backward bias sweep. The threshold switching was also observed at negative polarity (Figure 2a) . After the positive sweep, additional filament formation was observed at negative polarity, and the filament was ruptured again at − 0.1 V because of its volatile characteristics. This behavior may be applicable to bidirectional two-terminal selectors for integrated cross-point ReRAM devices. The selector characteristics resulted from the Ag doping in the ZnO layer forming a metallic filament. The mechanism of operation of these devices is known as the formation and rupture of a conductive bridge path (e.g., metallic filament) in solid-electrolyte layers. [36] [37] [38] [39] Because extrinsic Ag ions have a large diffusion coefficient (i.e., are fast diffusers), Ag ions can easily migrate in the ZnO matrix along the applied electric field. 40, 41 After they reached the bottom electrode through the ZnO layer without agglomerating, they formed filaments by combining with electrons at the bottom electrode interface (Figure 2c ). The formed filament was very unstable. The Ag ion supplement was limited and thus was insufficient for filament formation. As a result, a narrow gap remained between the formed filament and the electrode. This phenomenon has similarly been observed when devices are scaled down to o40 nm. 42 The limited metal source of electrolytes may be a reason for the gap between the filament and the electrode. In addition, the electric-field has an important effect on filament instability. 38, 43, 44 In this work, a weak electric field was applied to the electrode. It could not reach the top electrode because low voltage was applied to the 40-nm-thick oxide layer. Thus, tunneling occurred when the contact between the filament and the top electrode was imperfect (e.g., the interface between the filament and the top electrode was in an insulating state). In particular, when the gap between the filament and the top electrode was narrow, this gap was highly affected by the electric field, and the oxide band was bent to allow Fowler-Nordheim tunneling, resulting in high on-current. Accordingly, when the bias was removed, the conductive filament naturally ruptured because it was not sufficiently stable to Threshold switching: reliable current changes U-B Han et al retain its conductive state. When bias is removed, the filament of Ag atoms ionizes because of the high surface energy associated with high chemical reactivity around the thin Ag filament. 36, 37 Thus, the filament ionized to minimize the surface energy; as a result, the filament ruptured when the applied bias was removed. Therefore, when the radius of the filament is decreased (region I), the instability of surface atoms is accelerated (Gibbs-Thomson effect), the atomic combination of the filament is finally broken, and those atoms are in a free state. 36, 45, 46 Thus, the highly conductive on-state can be understood on the basis of Ag filament formation, whereas the highly insulating off-state is described by isolated Ag ions in the ZnO layer. In conclusion, the migration of Ag ions plays an important role in the bidirectional threshold switching behavior for selector applications. Experimental verification to show the formation of conductive filaments has been reported. 37, 38 To understand the Ag filament formation in the ZnO layer, first-principle DFT calculations were performed. Because Ag ions are preferentially located in Zn sites, we focused on the energetics of the substitutional Ag 
00
Zn are placed separately and act as two isolated defects (ID). We chose the total energy of the ID configuration as a reference state to compare the relative energetic stability of the DC configuration. Our DFT study predicted that an Ag
Zn defect complex is less energetically favorable by 0.26 eV than two isolated defects, as shown in the red line of Figure 3a . Hence, the ID configuration is thermodynamically preferred, and spatially separated configuration would prevent the migration of Ag Zn can be easily understood on the basis of the negative charge states of both defects. As the charge state of the system decreases, however, the preferred configuration changes. The blue and cyan lines of Figure 3a show the enhanced energetic preference of the DC configuration under electron depletion conditions. For example, the total energy of the DC configuration becomes 0.08 eV lower than the ID configuration under one electron depletion condition, and thus V 00 Zn migrate into the nearest site of Ag 0 Zn . The energetic preference of the DC configuration increases as the electron deficiency of the system increases. The DC configuration becomes 0.27 eV lower than the ID configuration with two fewer electrons, thus indicating that the complex formation is proportional to the electron deficiency of the system. To understand the relationship between the preferred configuration and electron deficiency, we further studied the variation in electron charge density introduced by the electron depletion, as shown in Figure 3b . The blue isosurfaces represent the regions where the electron density decreased via electron depletion, and the red surfaces represent regions of accumulation. As seen, most of electron density decreased near the Ag Zn ions contributes to the ultra-fast growth of the conductive path at low voltage in the ZnO layer. Therefore, the migration of Ag ions through the V 00 Zn site is a key process in the formation of a metallic filament in the ZnO layer, and the Ag filament can be sequentially formed at low voltage (o0.5 V).
Protons can be incorporated in the ZnO layer during ECD. It has been reported that the switching properties of filamentary devices is affected by H + and OH − ions. [48] [49] [50] Filament formation is reportedly accelerated by H + and OH − ions, and this effect increases off-current.
In our study, however, the device showed low off-current (~100 fA); we performed a comparative study of the electrical properties of the ZnO layer according to the doping concentrations in the ZnO layer (Supplementary Figure S3) . For the undoped ZnO case, only very low current was measured. However, after doping with a small amount of Ag, current changes from pA to mA were reliably obtained. Therefore, the highly selective behavior was obtained because of Ag in the ZnO layer. Moisture can strongly affect the electrical properties. However, in this case, the ZnO layer was fully passivated by sidewalls and top Threshold switching: reliable current changes U-B Han et al electrodes; consequently, we believe the effect of moisture on electrical properties of Ag-doped ZnO devices in this study is minimal. In addition, no changes in electrical properties according to the time and/ or number of operation cycles were observed (Figure 4) . Additional experiments were carried out in both air and vacuum to examine the effects of moisture (Supplementary Figure S5) . To measure and compare the influence of ambient atmosphere, the samples were held in air and vacuum for 2 h. There was almost no change in current levels and switching voltages in either air or vacuum. Our 0.1 mol% Ag-doped ZnO-based devices showed ReRAM characteristics. By increasing the Ag-doping concentration in the ZnO layer, a thicker filament than that of 0.06 mol% Ag-doped ZnO was formed. This thick filament could not be ruptured by itself, and application of a negative bias was necessary to rupture the filament. Therefore, the filament was ruptured by Joule heating of the high current flow at negative bias and in the presence of the electric field (Supplementary Figure S3c) . The threshold characteristics of a 0.06 mol% Ag-doped ZnO-based device with volatile behavior were observed in various compliance current levels from 1 to 100 μA (Figure 4a ). Figure 4b shows the DC I-V curves of 400 DC cycles. There was no noticeable degradation of the device beyond 400 cycles. In addition, we confirmed reliable on-and off-states with a high selectivity of 10 9 (Figure 4c ). To evaluate stability at high temperature, the device was measured at temperatures up to 250°C and showed no noticeable degradation (Figure 4d) . Furthermore, constant voltage stress was applied to the device to confirm the excellent immunity of the read disturbance (Figure 4e ). We confirmed that the 0.06 mol% Ag-doped ZnO layer had good electrical characteristics for selection devices through various electrical analyses.
We measured the selector behavior in the AC mode. We applied 10 ms of read voltage (V Read ) and half-read voltage (½V Read ), which corresponded to on-and off-bias of the selector, to confirm on-and off-states, as shown in Figure 5a . To confirm the off-state in the AC mode, delay time was inserted before ½V Read . We assessed the current values at ½V Read after applying V Read ; the device exhibited clear off-current values at delay times of 1 ms and 100 μs without any degradation (Figures 5b and c) . In addition to 100 μs delay time, we measured the device at delay times of 1 μs and 100 ns. The device was successfully changed to the off-state. (Supplementary Figure S6) . Furthermore, we assessed the switching time of the selector. We applied a 100-ns-wide pulse to the device. As shown in Supplementary Figure S7 , the selector was successfully operated at this pulse width. This finding confirms that the selector device can be operated stably in the AC mode.
In this study, we further evaluated cross-point array feasibility by I-V fitting of selectors and resistors using MATLAB and HSPICE simulation tools. 51, 52 The simulated one selector-one resistor results showed an excellent readout margin (almost 98% in a 16-Mb array) and low HRS reading power consumption (100 nW at 16-Mb density) that is suitable for terabit-density devices. Finally, it will be very important to implement this selection device in one selector-one resistor device integration for possible application to high-density cross-point memory devices. One selector-one resistor device fabrication and characterization will be performed on the basis of this work in the near future.
In conclusion, we report a novel selection behavior observed in Ag-doped ZnO thin films. The selection behavior was controlled by the concentration of Ag ions in ZnO thin film during growth. It was found that the concentration of Ag ions determines off-current level and filament formation characteristics of the devices. To obtain a reliable and reproducible volatile filament formation/rupture and low off-current, the concentration of Ag ions was carefully controlled during the ECD process. The Ag ions in the ZnO layer formed a highly conductive filament through application of an externally applied bias, and this filament was naturally ruptured when the applied bias was removed. The device exhibited high selectivity (10 9 ), uniform switching characteristics, ultra-low off-current density and electrical reliability. Furthermore, stable operation up to 250°C without any noticeable degradation was demonstrated. Most significantly, the device was able to be turned on and off with a slope of 5 mV per decade.
